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HemozoinMalaria is an infectious disease caused by Plasmodium type parasites transmitted by the bites of infected female
anophelesmosquitoes. Themalaria parasitemultiplies in red blood cells where it degrades hemoglobin. This deg-
radation of hemoglobin proteins releases hematin, an iron-containing porphyrin,which provokesmembrane dis-
ruption and lysis. Themalaria parasite blocks hematin-induced lysis by biocrystallization, a process that converts
hematin into insoluble and chemically inert crystals. Hematinmolecules are especially prone to self-assembly as
dimers, oligomers and aggregates depending on environmental conditions (pH, solvent, temperature, concentra-
tion, ionic strength). Considering the different forms of hematin-based assemblies, it is still unclear which are the
ones able to interact with membranes. We have prepared hematin under different conditions to form hematin-
based assemblies and to measure their ability to interact and to disorganize membranes. Our results show that
different forms of hematinmolecules are able to penetrate lipidmembranes. Interestingly, this membrane activ-
ity is spontaneously inhibited at acidic pH and it can be restored under neutral pH. By contrast, the oligomers of
β-hematin were found to be completely harmless toward lipid membranes. Finally, the AFM visualization of he-
matin interactionwith supported lipid bilayers showed for the ﬁrst time its preferential interactionwith defaults
in membranes, at the boundaries between two distinct lipid phases. The superﬁcial adsorption of aggregates on
membranes and the absence of effect due to oligomers were also conﬁrmed with AFM.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Malaria is a parasitic life-threatening disease caused by infection
with Plasmodium transmitted by the bite of infectedmosquitoes. During
the course of its life cycle, the malaria parasite invades host's red blood
cells. Plasmodium degrades host's hemoglobin, which yields free amino
acids for the synthesis of parasite's proteins and releases free hematin
[1]. Free hematin is potentially toxic for both erythrocyte and parasite
[2,3]. It is generally admitted that the toxicity of this molecule is mainly
related to itsmembranotropic activity. Itwas shown that at low concen-
tration free hematin induces potassium leakage and causes the lysis of
erythrocytes [4,5]. However, according to some reports this lysis is not
only due to hematin membranotropic activity but it could also result
from lipid peroxidation caused by free hematin [6–9]. To block this
membrane-disruptive effect, the parasite sequesters hematinmolecules
into an inert and insoluble crystal called hemozoin [10]. It is formed by a
microcrystalline cyclic dimer of hematin (called “head-to-tail” dimer;
HT dimer) in which the propionate side chain of one monomerat).coordinates to iron center of another monomer [11]. In vivo, these di-
mers form hydrogen bonds with their neighbors via the second
propionic acid group, forming extended chains in themacroscopic crys-
tal [11,12]. However, the exact mechanism of hemozoin synthesis in
malaria disease is still ambiguous and it is the subject of intense debate.
Interestingly, a synthetic crystal called β-hematin can also be obtained
by incubating hematin ex vivo under acidic conditions. It was shown
that β-hematin is chemically and crystallographically identical to
hemozoin [11]. However, the formation of HT dimers has never been
observed in solution.
Free hematin released into the digestive vacuole (DV) of Plasmodium
can exist under multiple chemical forms. It can be found as monomers,
it can assemble into various types of dimers and aggregates of dimers
depending on concentration, pH, salts and temperature [13,14]. First,
at neutral pH hematin exists as a monomer and also as a π stacked
iron (III) porphyrin dimer (π–π dimer), this is a dimeric form without
covalent bonds between monomers. It is worth noting that another
dimer is formed by increasing the pH: the μ-oxo-bridged iron (III) por-
phyrin dimer (μ-oxodimer; Fig. 1). In the parasite, the exact distribution
between monomeric and dimeric forms of hematin remains unknown
[16]. Interestingly, alkaline solutions promote formation of the μ-oxo
Fig. 1. The different forms of hematin in solution.
Adapted from Gorka et al. [15].
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slightly acidic conditions, the μ-oxo dimer to monomer ratio is still sig-
niﬁcantly in favor of the dimer and a part of the μ-oxo dimer is seques-
tered in non-reversible aggregates (Fig. 1) [15]. This μ-oxo dimer seems
to form aggregates that precipitate inside the acidic DV of the parasite
[17]. Casabianca and coworkers proposed that the μ-oxo dimer is the
dominant form in aqueous solution at pH lower than 5 [17]. In combina-
tion with previous data, they suggested that the μ-oxo dimer is the pre-
cursor of hemozoin [17]. Finally, it has been proposed that both the free
monomeric and the dimeric forms of hematin coexist in the acidic DV of
the parasite where they are involved in hemozoin formation [18]. There
is a large number of reports mentioning very precise conditions to ob-
tain the different types of dimers, but unfortunately the conditions
used are generally not suitable for the study of interactions with lipid
membrane. For instance, the μ-oxo dimer can be obtained in solvents
or in the presence of detergents, but these additives are also known to
interact with lipid membranes. In this study, we worked in aqueous
conditions, without factors affecting membranes except hematin, so it
is difﬁcult to ensure that only the μ-oxo or the π–π dimer is favored.
As a consequence of this uncertainty, these two dimers will be referredto as “dimers” in the rest of this report while themicrocrystalline dimer
will be named “HT-dimer”.
Hemozoin formation is a critical step in the life cycle of Plasmodium.
Several studies have described a biocrystallization process for hemozoin
in which biological molecules and structures (e.g., lipids and mem-
branes) seem to exert an important control on crystal's nucleation and
growth [19–22]. Currently, researches concerning hemozoin formation
are focused on lipids. Indeed, some authors have demonstrated the
inﬂuence of hematin/lipid interaction on the nucleation process of
hemozoin crystals [23–26]. Several antimalarial drugs target the nucle-
ation/elongation process of hemozoin crystals [27]. Hence, a better un-
derstanding of hemozoin crystals formation would be of crucial help
for the development of new drugs.
Concerning the membrane activity of hematin, previous works as-
sumed that free hematin causes membrane lysis and lipid peroxidation
[28]. Ginsburg et al. showed the membranotropic activity of hematin at
neutral pHwith lipidmonolayers [8]. To date, there is nodirect evidence
in the literature concerning the membrane activity of the different
forms of hematin. In this study, we have evaluated themembranotropic
activity of different forms of hematin formed under different conditions.
Fig. 2. Surface pressure–area isotherms recorded for POPC (circle) and hematin (triangle)
monolayers. The subphase was Tris buffer at 21 °C.
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prerequisite for futurework aiming at deﬁninghowhematin crystalliza-
tion can be inﬂuenced by lipid membranes. Our results highlight the
great inﬂuence of pH value and of the monomer/dimer balance on the
membrane activity of hematin.
2. Material and methods
2.1. Materials
Porcine hemin; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC); 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC); pyridine; and Hepes
were purchased from Sigma (St. Louis, MO) andwere used without fur-
ther puriﬁcation. All other chemicals were from Merck (Darmstadt,
Germany) andwere of analytical grade. For all experiments, the distilled
water was puriﬁed with a Millipore ﬁltering system (Bedford, MA),
yielding an ultrapure water with a resistivity of 18.2 MΩ × cm.
2.2. Assay of β-hematin formation
A stock solution of monomeric hematin (3.5 mM) was prepared by
dissolving bovine hemin in 0.1 M NaOH. The concentration of hematin
solution was checked by reading the absorbance at 385 nm (ε385
hematin = 6.1 × 104 M−1·cm−1) (Specord S300, Germany). β-Hema-
tin was prepared in acetate solution as described previously [29]. Brief-
ly, acetate solution was formed by mixing 11.7 μL of 12.9 M sodium
acetate (pH 5.0) preincubated at 60 °C, 2 μL of 1MHCl and 6 μL of ultra-
pure water. Then, 20.3 μL of hematin solutionwas added to reach a ﬁnal
concentration of 1.7 mM. Reaction mixtures were incubated at 60 °C.
The membranotropic activity of incubation mixtures was measured by
directly using aliquots collected at different times. For the assay of he-
matin oligomerization, β-hematin formation was stopped at different
times by adding 900 μL of 5% (v/v) pyridine in 200 mM Hepes, pH 8.2
and 1100 μL of 5% (v/v) pyridine in 20 mM Hepes, pH 7.5. Samples
were vortexed and then centrifuged for 15 min at 12 000 g. Finally,
free hematin content was determined by measuring the absorbance of
supernatants at 405 nm.
2.3. Monolayer studies
All the experiments were performed at constant temperature (21±
0.1 °C). For the pressure/area (π–Α) isotherms, the ﬁlm balance was
built by KSV (minitrough 2, KSV instruments Ltd., Helsinki, Finland)
and equipped with a Wilhelmy-type surface pressure measuring sys-
tem. The subphase buffer was an aqueous buffer solution containing
150 mM NaCl, 100 mM Tris–HCl, and 100 mM sodium acetate pH 7.4.
This mixture of buffers allowed the controlled switch between acidic
(5.2) and neutral (7.4) pH. The subphase was continuously stirred
with a magnetic stirrer spinning at 100 rev/min.
For the pressure/area (π–Α) isotherms, POPC and hematin were
spread at the air–water interface in hexane/ethanol 9:1 (v/v). The sol-
vent was allowed to evaporate for 15 min before compression. The
monolayer was then compressed at 10 mm2/min up to the collapse
pressure to obtain a π–A isotherm.
The hematin adsorption at constant surface area was performed on
a 64 mL Teﬂon® dish (surface = 19.6 cm2). The Wilhelmy-type
surface pressure measuring system was built by Nima Technology Ltd.
(Coventry, UK). Phospholipids were spread at the air–water interface
in hexane/ethanol 9:1 (v/v) to reach the desired initial surface pressure.
As soon as the initial surface pressurewas stabilized (~15min), hematin
was injected into the subphase to a ﬁnal concentration of 1 μM using a
Hamilton syringe (Bonaduz, Switzerland). Hematin adsorption at the
air–water interface was then followed by measuring surface pressure
variations.2.4. Preparation of supported lipid bilayers (SLBs)
Supported DOPC/DPPC (1:1 mol/mol) bilayers were prepared using
the vesicle fusion method [30]. Lipids dissolved in chloroform were
evaporated under nitrogen and dried in a desiccator under vacuum for
2 h. Multilamellar vesicles (MLV) were obtained by resuspending the
dry lipid ﬁlm at ﬁnal concentration 0.6 mM in Tris buffer (10 mM
Tris–HCl, 150 mM NaCl, pH 7.4) containing 3 mM CaCl2. To obtain
small unilamellar vesicles (SUVs), the suspensions were sonicated to
clarity (3 cycles of 2 min 30 s) using a 500 W probe sonicator (Fisher
Bioblock Scientiﬁc, France; 35% of themaximal power; 13 mm titanium
probe diameter) while being kept in an ice bath. The liposomal suspen-
sion was then ﬁltered on 0.2 μm Acrodisc® (Pall Life Sciences, USA) to
eliminate titanium particles. Mica squares (16 mm2) glued onto steel
sample discs (Agar Scientiﬁc, England) using Epotek 377 (Polytec,
France) were freshly cleaved and covered with 150 μL of SUV suspen-
sion. SUVs were allowed to adsorb and fuse on the solid surface for
1 h at 60 °C. Subsequently, samples were rinsed with 3mL of Tris buffer
and slowly cooled to room temperature.
2.5. AFM imaging
Interaction of hematin samples with supported lipid bilayers
(SLBs) were investigated using a commercial AFM (NanoScope III Mul-
tiMode AFM, Veeco Metrology LLC, Santa Barbara, CA) equipped with a
125 μm×125 μm×5 μmscanner (J-scanner). Topographic imageswere
recorded in contactmode at room temperature (~21 °C) by using oxide-
sharpened microfabricated Si3N4 cantilevers (Microlevers, Bruker,
Camarillo, CA) with spring constants of 0.01 N/m (manufacturer speci-
ﬁed) at a scan rate of 5 Hz. All images (256 × 256 pixels) shown in
this paper are ﬂattened raw data.
3. Results
3.1. π–A isotherms of pure molecules
We havemeasured the surface pressure–area (π–Α) isotherms of all
the pure amphiphilic molecules used in the study. The (π–Α) isotherms
obtained for DOPC and DPPC were already published elsewhere [31].
Fig. 2 shows the (π–Α) isotherms obtained at the air-buffer (pH 7.4)
interface for pure POPC and hematin monolayers. As one can see, the
(π–Α) isotherm of pure POPC exhibits a typical pattern with an extrap-
olated molecular area and a collapse pressure of ~84 Å2/molecule and
~50mN/m, respectively. These values are consistent with the literature
[32]. Concerning the hematin monolayer, a high collapse pressure was
measured (~50 mN/m) and the molecular area was extrapolated to
~72 Å2/molecule. This result shows that hematin molecules are able
to form a stable monolayer at the air–water interface. However, the
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rin ring, forwhich a value of about 200Å2was previously proposed [33].
Then, according to the literature, we suggest that porphyrin rings of he-
matin molecules stand vertical at the air–water interface with the two
propionic chains immersed into the subphase [34].
3.2. Inﬂuence of pH on hematin/POPC interaction
In theparasite, the ratio betweenmonomer and dimers of hematin is
still a matter of debate. The pH and the rate of hemozoin growth are
known to inﬂuence the equilibrium between monomer and dimers
[17,33]. We have examined the membrane activity of hematin under
different conditions inﬂuencing the monomer/dimers balance. On the
basis of the literature [14], we have tuned this balance by modifying
thepHand by incubatinghematin in acetate solution at 60 °C to produce
β-hematin. The interaction between hematin and lipids was followed
by measuring the modiﬁcation of surface pressure after injection
below a POPC monolayer at a constant area.
Monolayers of POPC were prepared and stabilized at 20 mN/m on
buffered subphases at different pH values (5.2 and 7.4). Hematin was
then injected at 1 μM ﬁnal concentration under POPC monolayers
(Fig. 3A). According to previous work, under these conditions the di-
mers (either μ-oxo or π–π) should be favored, with a dimer/monomer
ratio at pH 7.4 larger than at pH 5.2 and in the case of pH 5.2 irreversible
aggregates of dimers are formed (Fig. 1) [15]. At pH 7.4, the mixture
containing dimers and hematin monomer (dimers/monomer D/M
mixture) provoked an immediate and massive increase of the surface
pressure caused by penetration into POPC monolayers. About 10 minFig. 3. The effect of pH on the penetration of hematin into POPCmonolayers. POPC mono-
layers were prepared at different initial surface pressures on subphases at different pH
values. Then, hematinwas injected at a ﬁnal concentration of 1 μM. The adsorption course
of hematin into POPC monolayers at 20 mN/m is plotted in panel A. The variation of sur-
face pressure is plotted as a function of the initial pressure for the different lipids (B).
The subphases were formed by a mixture of Tris and acetate buffers and their pH values
were adjusted to 7.4 (square) or 5.2 (triangle). The solid and dashed arrows indicate the
injection of hematin and NaOH addition to increase the pH value from 5.2 to 7.4 (circle).after hematin injection, the surface pressure reached a maximum
value followed by a small decrease probably due to the reorganization
of molecules at the air–water interface. After the molecular reorganiza-
tion, a plateau stabilized at 38 mN/m was observed. By contrast, at
pH 5.2 (pH of the food vacuole), injection of the mixture of aggregates,
dimers and hematin monomer (A/D/M mixture) caused a small but
continuous increase of the surface pressure (increase of ~4 mN/m ob-
tained 70 min after injection, Fig. 3A). Considering that for the two pH
studied here, the dimers and the monomer are always present (with
the dimers being the major free species) and that acidic pH promotes
sequestration of a part of the dimers into aggregates, then we cannot
discriminate between the monomer and the dimers regarding their
ability to penetrate phospholipid membranes. Hence, both the dimers
and themonomer are considered able to insert within lipid membranes
at pH 7.4.When the pHwas increased from5.2 to 7.4 by addingNaOH to
the subphase (75 min after injection of hematin; see dashed arrow in
Fig. 3A), the surface pressure increased noticeably, revealing the partial
reversibility of the phenomenon. Here, the dimer/monomer ratio in-
creased due to the pH-controlled equilibrium but a signiﬁcant amount
of the dimers stay sequestered in the form of irreversible aggregates,
thus making the reversibility of the phenomenon only partial (Fig. 1).
From these pressure vs time plots, we collected the values of surface
pressures (πf) corresponding to 60min after injection of either hematin
or NaOH. These values were used to plot Δπ (πf− πi) as a function of πi
(Fig. 3B). By extrapolating the regression lines to a Δπ equal to zero, we
determined the maximum insertion pressure (MIP) for each condition.
The MIP value for D/M mixture insertion into POPC monolayers at
pH 7.4 was 47 mN/m (Fig. 3B). At pH 5.2, the Δπwas always ~4 mN/m
for all the πi tested which suggests that the interaction A/D/M with
POPC is superﬁcial, i.e. in the headgroup region rather than in the acyl
chains region. At this acidic pH, no MIP could be determined thereby re-
inforcing the notion that no insertion occurs. Interestingly, when the pH
was increased in situ from 5.2 to 7.4, the typical plot of Δπ decreasing
with πi (speciﬁc for insertion within lipid membrane) was restored
(MIP = 41 mN/m). This result illustrates again the pH-driven reversibil-
ity of hematin membranotropic activity.
3.3. Inﬂuence of hematin oligomerization rate on its membranotropic
activity
β-Hematin formationwas investigated by incubating hematin in acid-
ic pH at 60 °C. Kinetics of β-hematin formation exhibits a sigmoid shaped
curve (Fig. 4). It is worth to note that the amount of β-hematin formed is
deduced from the amount of free hematin species remaining in solution
which is revealed with pyridine. There is an “induction period” ofFig. 4. Interaction between POPCmonolayers and hematin at different levels of oligomer-
ization. Hematin was incubated in acetate solution at 60 °C for different times and was
injected below POPC monolayers at 20 mN/m at 1 μM ﬁnal concentration. The surface
pressure variation and the percentage of β-hematin formed were plotted as function of
oligomerization time. The pH of the subphase was adjusted to 7.4.
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was constant (~10%), followed by a transition period (45 to 60 min)
during which the apparent β-hematin content increases slightly. Finally
a period of rapid reaction can be seen from 60 to 80 min after which
themaximumofβ-hematin is obtained. This curve is consistentwith pre-
vious reports on β-hematin formation in vitro [13,14] and on hemozoin
formation in living cells [35].
We have measured the membranotropic activity of hematin at dif-
ferent oligomerization levels with lipid monolayers (Fig. 4). To do so,
the hematin solutions obtained by incubation in acetate at 60 °C for dif-
ferent times were injected (1 μM ﬁnal concentration) in the subphase
(pH 7.4) under POPC monolayers at πi = 20 mN/m. This protocol per-
mits to measure the reversibility of membranotropic activity for the
mixtures of aggregates, dimers, monomers and oligomers (small crys-
tallites). The plot of membrane penetration (Δπ) as a function of the
oligomerization time shows a sigmoid proﬁle. Fig. 4 demonstrates
that the membranotropic effect of hematin mixtures on POPC mem-
brane is directly related to the degree of β-hematin formation which
in turn is controlled by the pH. In fact, the plot can be divided into
three parts. Part I, from 0 to 45min: theΔπ is constant at approximately
10mN/m. Part II, between 45 and 60 min: themembranotropic activity
of hematin mixture decreases dramatically from 45 min while the
amount of β-hematin formed increases slightly from 10 to 15% (see
hatched box in Fig. 4). Part III, the amount of β-hematin increases rapid-
ly to ﬁnally reach the maximum (~85 min) while the Δπ decreases
dramatically to zero. A detailed explanation can be proposed for these
three parts of the graph. In part I, by injecting the incubation mixture
of hematin at pH 5.0 in the subphase at pH 7.4 underneath the POPC
monolayer, the dimers/hematin monomer ratio is increased (Fig. 1).
Under these conditions, the membranotropic effect is maximum, this
is consistent with the results obtained in Fig. 3. In part I, the initial
plateau of β-hematin formation is around 10% which represents
the amount of hematin irreversibly sequestered in aggregates of dimers
(either μ-oxo or π–π) that cannot be quantiﬁedwith pyridine (Fig. 1). In
part II, there is a gap when we compare the two curves: the amount of
β-hematin is still low (between 10 and 15%) but the Δπ decreases dra-
matically. To explain this discrepancy, one should remember that only
the mixture of dimers/hematin monomer exhibits a membrane activity
(as shown with Fig. 3). Thus, a decrease in Δπmeans a decrease in di-
mers/hematinmonomer content. So, if the amount of dimers/monomer
decreases while the apparent β-hematin content remains relatively sta-
ble, then the decrease in Δπmay be related to the formation of a mem-
brane inactive species that cannot be revealed with the pyridine assay.
According to a previous report, HT dimers and β-hematin should be sta-
ble (so not revealed by pyridine assay) in the presence of aqueous pyr-
idine and under mildly alkaline conditions [33]. Even if HT dimers were
never observed in solution, the acidiﬁcation of an hematin solution
should shift the equilibrium toward formation of HT dimers. According
to our results, this equilibrium shift could occur after 45 min of incuba-
tion at pH 5.0. Hence an explanation can be proposed for this transition
step: at 45 min β-hematin begins to be formed from the membrane ac-
tive species (dimers and hematin monomer). This may then abolish the
membranotropic activity of the mixture. The ﬁrst β-hematin pool
formed from the soluble dimers (either μ-oxo orπ–π) could then trigger
the transformation of aggregates of dimers into β-hematin. Finally in
part III, the amount of β-hematin increases rapidly, thus consuming di-
mers and also hematin monomers by displacing their equilibrium until
the effect on lipid membranes is fully abolished. In the end, the sample
may be composed mainly of stable β-hematin oligomers (assemblies of
HT dimers bound via H-bonds, Fig. 1).
3.4. Effects of the hematin forms on SLBs
The interaction of hematin with lipid bilayers was also examined
by AFM at different oligomerization levels. SLBs of DOPC/DPPC 1:1
(mol/mol) were prepared on mica to obtain a phase-segregatedmembrane with gel domains enriched in DPPC (brighter domains)
surrounded by a DOPC-rich ﬂuid matrix (darker areas, Fig. 5A and A′).
Sections performed in AFM images of the membrane before hematin
mixture addition reveal the classical step-height difference between
DOPC (Lαmark in Fig. 5A,A′) and DPPC (Lβ mark in Fig. 5A,A′): 1.1 ±
0.1 nm. Hematin solutions with different oligomerization levels were
incubated with preformed SLBs and imaged after 60 min (Fig. 5B–F).
The oligomerization times chosen for these experiments correspond
to the dashed circled dots in Fig. 4. AFM images obtained with non-
incubated hematin (0min in Fig. 4; Fig. 5B,B′) show the importantmod-
iﬁcation of SLBs. The boundaries of DPPC domains (Fig. 5B,B′ and Fig. 6b)
were signiﬁcantly thickened (by 1 nm above DPPC, Fig. 6, section
i) suggesting the preferential insertion of dimers/hematin monomer at
the ﬂuid–gel interface. One can also notice the formation of striated do-
mains at ﬂuid–gel interfaces (Fig. 6c). Thick structures can also be found
all over themembrane (Fig. 5 and 6d; thickness of 7.9±1.2 nm in Fig. 6,
section ii) and they correspond probably to reorganized lipid–hematin
assemblies lying on the SLB. When hematin was oligomerized between
65 and 75 min (25 to 65% β-hematin formed, Fig. 4), the boundaries of
DPPC gel domainswere thickened by 1.3± 0.1 nm (seewhite arrows in
Fig. 5C,C′ and D,D′). Many white spots are also visible on the SLBs indi-
cating the presence of adsorbed material. Considering the oligomeriza-
tion level of these samples, the adsorbed structures may correspond to
aggregates of dimers. At 90% of β-hematin formed (80 min, Fig. 4), the
membrane treated with this hematin sample showed few thickenings
of DPPC domains at their edges (Fig. 5E,E′, white arrows) while the
number of dots due to adsorbed aggregates of dimers decreased signif-
icantly. Finally, at 100% oligomerization (90 min, Fig. 4), no signiﬁcant
effect of hematin could be found, the DOPC/DPPC SLB seems unchanged
(Fig. 5F,F′).
AFM images reinforce the notion that only dimers/monomer of he-
matin can insert into the membrane while the aggregates, oligomers
and presumably theHTdimers aremuch lessmembranotropic. Interest-
ingly, the insertion of hematin occurs at ﬂuid–gel interfaces. This is
probably because of the default line separation between the two lipid
phases that is known to favor the insertion of exogenous agents [30].
4. Discussion
In aqueous solution, hematin exists as monomeric, dimeric, and
non-crystalline aggregate forms, depending on the pH and ionic
strength [36]. The biological factors controlling the inter-conversion be-
tween monomeric and dimeric species are not fully understood yet.
However, recent strides have been made in deﬁning factors that affect
monomer/dimers equilibrium such as the rate of release of hematin
fromhemoglobin degradation [15]. To explore the effect of pHonhema-
tin–membrane interactions, we ﬁrst used lipid monolayer models. We
found that hematin could not insert into the lipid monolayers under
acidic conditions and that the membrane insertion ability of hematin
was restored by increasing the pH. This result implies that the mono-
meric form of hematin and/or the dimers (either μ-oxo or π–π) can in-
sert spontaneously into lipid membranes. Moreover, AFM images of the
interaction of dimers/hematinmonomerwith SLBs showed their prefer-
ential insertion at the boundaries of gel domains (thickening of gel do-
mains boundaries) which is consistent with the molecular packing
disorder associated with ﬂuid–gel interfaces [37]. Hematin monomer
and/or dimers were also able to provoke the formation of striated do-
mains and of reorganized lipid/hematin structures. By contrast, hematin
mixtures obtained under low pH conditions were found to be moder-
ately membranotropic as shown with monolayer experiments (Δπ
never exceeds 5 mN/m) and no MIP could be determined suggesting
an interaction with lipids' polar headgroups. This conclusion is
reinforced by AFM images showing the adsorption ofmany small aggre-
gates on membranes. When stable β-hematin was ﬁnally obtained, no
effect was found on SLBs, thus conﬁrming the neutralization of the
membrane-disruptive species, namely the dimers and/or the hematin
Fig. 5. AFM visualization of the interaction between hematin and lipid bilayers. AFM height image of a mixed DOPC/DPPC 1:1 (mol/mol) bilayer was recorded in Tris buffer (A). The he-
matin oligomerization was stopped at different incubation times by adding Tris buffer. Then, hematin solutions at 10 μM ﬁnal concentration were incubated with DOPC/DPPC 1:1
(mol/mol) bilayers during 1 h at 21 °C. After washing with 3 mL of Tris buffer, AFM height images were ﬁrst recorded for 0 (B), 25 (C), 65 (D), 85 (E) and 100% (F) of hematin oligomer-
ization level. (A′–F′) Higher magniﬁcation of the AFM height images presented in Fig. 4A to F. The Z-scale is 10 nm for all images and the scale bars are 5 μm (A–F) and 2.5 μm (A′–F′).
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the pH of the mediumwhere dimers and free hematin are favored con-
tributes to the membranotropic activity and thus the toxicity level of
hematin.
Interestingly, the membranotropic activity of hematin changes dur-
ing oligomerization and a transition period can be observed during
which the apparent oligomerization is not signiﬁcantly increased
while the penetration in membranes decreases dramatically (part II in
Fig. 4). This transitionmay correspond to the consumption ofmembrane
active species (μ-oxo/π–π dimers and/or hematin monomer) and theapparition of membrane inactive species that enhance/accelerate the
formation of hematin-based oligomers. One possible explanation
would be the formation of β-hematin from solublemembrane active di-
mers during this transition step, which may result in the accelerated
transformation of aggregates of dimers into oligomers (the consumption
of aggregates can be seen in AFM images). This interpretation can be ex-
trapolated in vivo: in fact the precipitation/aggregation of hematin
monomer and dimers in the acidic DV is not sufﬁcient to protect the
lipid membranes of the parasite from their membranotropic activity.
So, a second mechanism should occur to transform these soluble
Fig. 6. New phases formed after hematin interaction with DOPC/DPPC SLBs. The AFM
image corresponds to the image presented in Fig. 4B′. The Z-scale and the scale bar are
10 nm and 2.5 μm respectively. The cross section analyses (i) and (ii) correspond to the
dashed white lines depicted in the AFM image. The different height levels are denoted
as follows: (a), DOPC; (b), DPPC; (c), the newly formed phase at the ﬂuid/gel interfaces
and (d), the new thicker phase.
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β-hematin crystallites, presumably with the help of lipids (see gray
arrow in Fig. 1).
To date, the digestion of hemoglobin is believed to initiate in the
acidic DV or in cytostomal vesicles involved in hemoglobin transport
[38]. The intracellular pH of these organelles still constitutes a matter
of debate, pH values are assumed to be in the range between 4.5 and
7.2 [39]. Therefore, the form of soluble hematin that predominates
under the physiological environment of the parasite is still unclear [16].
On the basis of the observed inﬂuence of pH value on membrane
lysis provoked by free hematin and/or dimers, the inhibition of H+
pumps, which maintain an acidic internal pH of DV may constitute an
attractive target for the development of antimalarial drugs [40]. Indeed,increasing the pH of DV could affect the monomer/dimers equilibrium
of hematin and cause the lysis of the parasite's membranes.
Because of the high toxicity of free hematin, the malaria parasite se-
questers hematin into crystalline hemozoin. Although often referred to
as a hematin polymer, hemozoin is actually a crystal of hematin HT-
dimers linked by hydrogen bonds. To our knowledge, no measurement
of themembranotropic activity of hematin-derived species present dur-
ing the hemozoin formation has ever been reported. Our results clearly
indicate that incorporation of dimers and/or free hematin monomer
into crystal is accompanied with an important decrease of membrane
activity. Because of the equilibrium between these two forms of soluble
hematin, itwas unfortunately not possible to discriminatewhich form is
effectively membranotropic. Moreover, the double characterization of
β-hematin formation with oligomerization course and Δπ measure-
ment reveal a yet unseen transition in the process.We canmake the hy-
pothesis that from this transition time hematin begins to form stable HT
dimers and/or oligomers with no effect on membranes. Future work
should focus on the measurement of the membranotropic effect of the
different forms of hematin combined with antimalarial drugs that are
able to inhibit oligomerization (e.g. chloroquine). Indeed, it is important
for the development of new antimalarial drugs to understand how
drugs could inhibit oligomerization andmaintain or increase the natural
membranolytic activity of hematin.
5. Conclusion
These results show the great inﬂuence of hematin form on its mem-
brane disruptive power. In turn, the lipidmembranesmay play a crucial
role on the assembly of hematin molecules as suggested in the litera-
ture. The modalities of hematin–membrane interplay are thus still to
be deﬁned to better understand the formation of the malaria pigment
and to propose new therapeutic alternatives.
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